Increasing concern about endocrine disrupting chemicals (EDCs) and their effects on humans, animals and the environment resulted in this study being conducted. Water from 7 sites in the Pretoria West area (South Africa), with significant numbers of small-sized industries, was screened for oestrogenicity, using the Recombinant Yeast Cell Bioassay (RCBA). Target chemical analyses were carried out to establish the presence of EDCs, including p-nonylphenol (p-NP), bisphenol A (BPA), phthalate esters, polychlorinated biphenyls (PCBs) and various organochlorine pesticides, including dichlorodiphenyltrichloroethane (DDT). p-NP, PCBs and organochlorine pesticides were detected using LECO Pegasus II MSTOF and BPA and phthalates were detected using the GC-MS method. Oestrogenic activity was detected in all the samples collected from these sites. Lindane, an organochlorine pesticide, was detected at one site. p-NP, PCBs and phthalate esters were detected at some of the other sites. Small-size industries were found to contribute to EDC pollution of water in the Pretoria West area.
Introduction
Over the past two decades, increasing concern and public debate have developed over the potential adverse effects of exposure to a group of chemicals that have the potential to alter the normal functioning of the endocrine system in wildlife and humans (Sharpe and Skakkebeak, 1993; NIEHS, 2006) . A large number of these are man-made and are present in the environment as pollutants (Sharpe and Skakkebeak, 1993) . These chemicals are known as endocrine disrupting chemicals (EDCs) since they act like oestrogens or mimic or suppress the action of hormones, particularly oestrogen (McLachlan and Arnold, 1996) .
EDCs are found in many everyday products including some plastic bottles, metal food cans, flame retardants, toys, cosmetics, pesticides and detergents (NIEHS, 2006) . A wide and varied range of chemicals are thought to cause endocrine disruption. These include diethylstilbestrol (DES), polychlorinated biphenyls (PCBs), dioxin and dioxin-like compounds, organochlorine pesticides including dichlorodiphenyltrichloroethane (DDT), alkylphenols and phthalate esters (EDSTAC, 1998; NIEHS, 2006) .
The key health impacts that have been attributed to EDCs include abnormalities in male reproductive health (Toppari et al., 1996; Kamrin, 1996; De Jager et al., 1999; De Jager et al., 2001; Rozati et al., 2002; Aneck-Hahn et al., 2007; Kilian et al., 2007) ; female reproductive health (Sharpe and Skakkebeak, 1993; Kirkhorn and Schenker, 2002) ; increased incidences and accelerated progression of cancers (Sharpe and Skakkebeak, 1993) ; immunological effects (Porter et al., 1999; WHO, 2002) ; and neurodevelopment impacts (Eskenazi et al., 2006) . Recent research published by Kaiser et al. (2005) suggests that pesticides and other man-made chemicals may lower male fertility for at least 4 generations.
Male reproductive health
Concern is growing that abnormalities in male reproductive health are becoming more frequent. There has been an increased frequency of testicular cancer and of boys born with urethral abnormalities and undescended testes. Sperm counts have also declined by about a third in the past 20 years, at a rate of about 2.1% per year, and the quality of sperm has declined as well (Lutz, 1996; Swan et al., 2003; Aitken et al., 2004; Swan, 2006) .
Studies have identified EDCs as causing infertility and behavioural changes in species such as polar bears, beluga whales, alligators and humans (Colborn et al., 1993; Kamrin, 1996) . Relevant research in South Africa using environmental toxicants with oestrogenic properties has also shown structural changes in the reproductive system of male rats that have resulted in decreased fertility parameters (De Jager et al., 1999; De Jager et al., 2001; Kilian et al., 2007) . This finding is supported by the first histological evidence of intersex in feral sharptooth catfish from an oestrogen-polluted water source in Gauteng, South Africa. Target chemical analyses showed that the water, sediment, and serum samples tested positive for p-NP (Barnhoorn et al., 2004) .
In South Africa research in this area is ongoing. Research undertaken by the University of Pretoria on the effects of p-NP and on mixtures of EDCs, including phytoestrogens, has shown a general trend in decreased fertility parameters in adult rats (Kilian et al., 2007) . Semen quality with environmental DDT exposure in young men living in a malaria area in the Limpopo Province of South Africa showed impaired seminal parameters. The high exposure levels of DDT and p,p'-dichlorodiphenyl- dichloroethylene (p,p'-DDE) are of concern because these levels could have far-reaching implications for reproductive and general health (Aneck-Hahn et al., 2007) .
Female reproductive health
In women the incidence of breast cancer in Western Europe and the USA has increased since 1940 and breast cancer is the most common cancer found in women in these countries. Endometriosis, a formally rare but painful and disabling disease affecting women, which could lead to infertility problems, has been recently found to affect 5 million women in the USA alone (Kirkhorn and Schenker, 2002) . (WHO, 2002) .
Immunological effects

Neurodevelopment impacts
Research shows that endocrine disruptors may pose the greatest risk during prenatal and early postnatal development when organ and neural systems are developing (NIEHS, 2006) . A longitudinal birth cohort study of predominantly Mexican American females residing in California provided evidence that in utero exposure to DDT and, to a lesser extent, p,p'-DDE is associated negatively with childhood neurodevelopment. Although animal studies have demonstrated that DDT is a neurodevelopmental toxicant, the present study is the first to report on DDT and neurodevelopment in humans (Eskanazi et al., 2006) Water In many developing countries, less than a quarter of the population has adequate waste disposal systems and clean drinking water. In South Africa, a country with rapid urbanisation and industrial growth, the number of small-sized industries is growing fast (Jeyaratnam, 1992) . This growth implies that industrial, household and agricultural waste is increasing, which poses a problem as the proper disposal of these pollutants is limited. Often, this complex mixture of toxic compounds and pollutants is disposed of into surface waters, such as dams, rivers, and eventually the sea. These toxic contaminants may disturb the biological conditions of aquatic ecosystems and be harmful to humans, if they end up in food or drinking water (De Jager et al., 2002; Aneck-Hahn, 2003 ). An audit of chemical products used in small-sized industries in Pretoria West highlighted the significant use of detergents. However, the lack of adequate legislation on the use, handling and disposal of such chemicals for small-sized industries creates a potential hazard for workers, the surrounding communities and the environment (Jeyaratnam, 1992) .
In the area investigated in the current study, the wastewater from industry and households, as well as sewage, is treated at the Daspoort Wastewater Treatment Works plant, via biological and physico-chemical means, before being released into the Apies River, which feeds into the Bon-Accord Dam and finally into the Pienaars River. While this treatment reduces the concentrations of viruses, bacteria and biological substances, it often does not eradicate all the chemicals, including those synthetic and natural oestrogens that have accumulated in the organic matter and in some instances may even result in the introduction or accumulation of these EDCs (Muller et al., 2004) .
The aim of this study was to screen for oestrogenic activity and to test for specific target chemicals most likely to be used or produced as by-products in the small industries in the Pretoria West area.
Methodology
This was a descriptive study and was carried out in two phases. Phase 1 involved the identification of the different types of industries and the use of industrial detergents and other cleaning agents in the various processes by using a questionnaire (Table  1) . Phase 2 involved water sampling and chemical analysis ( Table 2 & 3) .
The study area is approximately 2.6 km x 1.8 km, and is situated south of Church Street, west of DF Malan Street, east of Buitekant Street, and north of the railway line. This area was specifically demarcated as it comprises the greatest number of small-sized industries in the Pretoria West area.
Survey of industries in the study area
Industries in the area were surveyed by means of a questionnaire, distributed to all the industries in the area that employ fewer than 50 workers. More than 70% of the industries responded by completing the questionnaire as requested. Industries that did not complete the questionnaire had either closed down or the manager/owner of the establishment was not available at the time of the interview. Industries in this area comprise mainly food retail outlets, panel beaters, auto-body repair works, autospray painting services and several general dealers.
Sample collection
In Phase 2, water samples were collected on a once-off basis from 7 different points in the study area (Table 2) . Test points were selected in consultation with city engineers from the Water and Consumer Management Division of the Tshwane Department of Water and Sanitation. The criteria for selection included points where water converges from the high-risk industries in the study area. These are the most northerly points, i.e. the water moves in a northerly direction towards the Daspoort Wastewater Treatment works. 
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The water samples were collected in 2 x 1 ℓ glass bottles according to standard procedures (Aneck-Hahn, 2003) . The bottles were washed in chromic acid and rinsed with ethanol and methanol to ensure that there were no particles that could contaminate the sample. A foil cover was used, followed by a plastic bottle top. The foil cover prevents the plastic top from leaching EDCs into the water and contaminating the sample. At each sample point, a stainless-steel beaker was suspended by a rope and lowered into the specifically selected manhole and water was collected into it and poured into a marked glass bottle. The beaker was rinsed with ethanol before being lowered at each site to minimise cross-contamination of water. The samples were collected in February on a Friday, in the later part of the day, as this is usually the time of day and week when most industries clean their equipment, plants or sites. All the water samples collected were then stored at ±5 0 C until analysed.
RCBA bioassay
The RCBA was carried out according to the method developed by Routledge and Sumpter (1996) and modified by Aneck-Hahn et al. (2005) . The oestrogenic activity was compared to that of 17ß-estradiol (E 2 ), a natural oestrogen used as a positive control in in vitro assays.
After 4-day incubation the endpoint measured in this assay was ß-galactosidase activity. For determination of estrogenic activities, 200 µℓ of the water samples extract was added to the first column of a 96-well plate (Cat. No. 95029780, Labsystems) and then diluted in a 1:2 series across the assay plate (12 dilutions). Ethanol was used as a negative control. A standard curve for 17β-estradiol (Cat. No. E8875, Sigma), ranging from 1 x 10 -8 M to 4.8 x 10 -12 M (2.274 x 10 -6 g/ℓ to 1.3 x 10 -9 g/ℓ) which was extended to a lower concentration of 1.19 x 10 -15 M (3.24 x 10 -13 g/ℓ) was included on each plate (positive control). Data were expressed as the mean of two replicates. Based on the dose-response curves for E 2 and the test sample, the estradiol equivalent (EEQ) of each sample was calculated using the EC 50 value (absorbance) of the sample. The EEQ concentration was then adjusted with the appropriate dilution factor of the sample (i.e. concentration factor of 1000 x) (Aneck-Hahn, 2003).
Target chemical analyses
Target chemical analysis was carried out to detect PCBs, BPA, p-NP, phthalate esters; di-(2-ethylhexyl)-phthalate (DEHP), di-n-butylphthalate (DBP), butylbenzylphthalate (BBP), and the organochlorine pesticides. All solvents used were of pesticide trace analysis grade. One litre of the water sample (containing 2% methanol) was passed through a pre-conditioned C18 solid phase extraction cartridge or column. The residue was reconstituted with 1mℓ hexane and vortexed before it was transferred to a vial (Naudé, 2002) .
Single determinations using a South African Bureau of Standards (SABS) in-house method: AM178 A (WHO, 2003; Naudé, 2002) were used to test for p-NP, PCB and organochlorine pesticide residues in the water samples. A recovery determination was carried out by adding a known amount of pollutants to distilled water and analysing it concurrently with the samples, using a LECO Pegasus II MSTOF (Time of Flight Mass Spectrometer). Organochlorine pesticides and PCBs had a recovery range of 56 to 138% and 52 to 130% respectively. The recovery rate for p-NP is 10%. The limit of detection (LOD) for organochlorine pesticides and PCBs was 0.1 ug/ℓ and for p-NP it was 1 ug/ℓ (WHO, 2003; Naudé, 2002) .
The phthalate ester and BPA determinations were done at the CSIR Biochemtek Laboratories, Johannesburg. A liquidliquid extraction of the sample was done using dichloromethane as an extraction solvent. The phthalates were determined using an in-house gas chromatography-mass spectrometry (GC-MS) method AM 186 based on US EPA 8260 (US-EPA Method 8260C, 2006). The lowest LODs using this method are: DEHP at 4 µg/ℓ, DBP at 3 µg/ℓ and BBP at 4 µg/ℓ. The same analytical procedure was followed, to analyse for bisphenol-A although this chemical is not a target analyte for the EPA 8270 method. Identification of the target analytes was accomplished by comparing their mass spectra with the electron impact spectra of authentic standards. Quantification of each component was accomplished by comparing the relative response of a major ion relative to an internal standard and a minimum 5-point calibration curve (Garretson and Koning, 2001 ). 
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Results
The results in this study showed oestrogenic activity and demonstrated measurable levels of chemicals recognized as EDCs in the different water sources.
Manholes
Water analysed from all 5 manholes in the study area (Table  3) showed oestrogenic activity, with EEQ levels ranging from 8.16x10 -13 to 2.44x10 -9 g/ℓ. Detectable concentrations of p-NP (10 to 119 µg/ℓ), DEHP (5 to 69 µg/ℓ), DBP (4 to 11 µg/ℓ) was also measured in all the water samples. The organochlorine pesticides detected included an unquantified amount of terbutylazine (TBA). No PCBs or BBPs were detected in any of these waters.
Manhole where all the water from this area converges
The water sample from this manhole (Sample 6) showed oestrogenic activity (2.44 x 10 -9 g/ℓ EEQ), and measurable levels of DEHP (69 µg/ℓ) and DBP (11 µg/ℓ). This water sample did not show detectable levels of organochlorine pesticides or p-NP compounds (Table 3) .
Exit from the Daspoort Wastewater Treatment Works
The water sample (Sample 7) collected after processing in the Daspoort Wastewater Treatment Works, before it enters the Apies River, showed oestrogenic activity (2.37x10 -11 g/ℓ EEQ). Target analyses confirmed the presence of p-NP (10 µg/ℓ), DEHP (5 µg/ℓ) and organochlorine pesticides, namely lindane (0.9µg/ℓ), and an unquantified amount of atrazine and chlorpyrifos (Table 3) .
Discussion
In this study a once-off series of water samples, taken at the end of a week (Friday) when most small industries clean their equipment and sites, were screened for oestrogenicity and analysed for the detection of specific industrial chemicals known to be associated with EDC activity. The results show that the samples taken from the selected manholes and from the entrance and exit to the Daspoort Wastewater Treatment Works showed oestrogenic activity at varying EEQ levels (Table 3) . Organochlorine pesticides were detected in water from two of the sample sites. The pesticide terbutylazine (TBA) was detected from the manhole at the corner of Zieler and Church Streets (Table 2 ). This pesticide was not quantified, as it does not form part of the list of organochlorine pesticides tested for. However, 0.9 µg/ℓ of lindane, and unknown quantities of chlorpyrifos and atrazine were detected at the entrance of the Apies River, after the water had passed through the Daspoort Wastewater Treatment Works.
Oestrogenic activity was detected in water samples from Manholes 2 to 5 and from the entrance (6) and exit (7) g/ℓ). Cytotoxicity with no detectable oestrogenic activity was observed in Manhole 1. Some cytotoxicity was also detected together with oestrogenic activity in samples 3, 5 and 7. High levels of p-NP (10-119 µg/ℓ) in the water could account for the cytotoxicity observed. Some EDCs, including p-NP, are known to be responsible for the cytotoxicity observed in the RCBA assay . The oestrogenic activity found in this study was higher than that measured in environmental samples taken from a peri-urban region near Pretoria . These values also correspond with the study done by Matsui et al. (2000) in Japan. EEQ present in sewage treatment effluents ranged from 5 to 15 ng/ℓ and lake water 1 ng/ℓ. All the chemical compounds tested for in this study were present, with p-NP and DEHP being the highest or most common. In 4 of the 7 manholes p-NP was detected. The latter is present in most plastic products and leaches into food and other consumables; it is also used as a carrier in many pesticides (Jobling and Sumpter, 1993; Melnick et al., 2002) . No minimum guideline has been set in South Africa or by the EU on permissible or allowable levels in drinking water of p-NP or the nonylphenol group as a whole. This compound is capable of disrupting the endocrine system of animals, including humans and fish and therefore poses a health risk (Jobling and Sumpter, 1993) .
The phthalates tested for were DEHP, DBP and BBP. However, no BBP was detected with the method used. Two of the manholes had various levels of DEHP, while DBP was detected in four of the manholes. The entrance to the Daspoort Waste Water Treatment Plant had the highest levels of both DEHP and DBP. This was the point where all the water from the entire Pretoria West area converges and seems to be the most DEHP and DBP contaminated point. DEHP is a general plasticizer in many PVC consumer products (Kavlock et al., 2002a) . The range of exposure in the general population from all sources, excluding non-dietary ingestion, medical and occupational, is estimated to be 3 to 30 µg/kg body weight (Kavlock et al., 2002b) . There are sufficient data in rodents to conclude confidently that oral exposure to DEHP can cause reproductive and developmental toxicity in rats and mice (Kavlock et al., 2002b; Duty et al., 2003) . There are no minimal levels set for phthalates in drinking or other water.
The European Union (EU) directive for drinking and groundwater states that pesticide levels must not exceed 0.1 µg/ℓ for individual compounds and some of their degradation products and that the sum total of all pesticides should not exceed 0.5 µg/ℓ. The proposed guideline value for lindane in drinking water is 0.3 µg/ℓ as recommended by the Joint FAO/ WHO Meeting on Pesticide Residues (JMPR) which conducted a recent review of lindane (WHO, 2003) . In South Africa, lindane is being phased out for environmental use, and is now identified as one of the persistent organic pollutants (POPs) (WHO, 2003; UNEP, 1996) .
As there are a few households in the area and many small industries that manufacture products, it is possible that lindane could have entered the underground water from both domestic and industrial use. Chlorpyrifos (used as an insecticide in homes and the garden) and atrazine (used to suppress weed growth in edible crop production) were not quantified.
Research into the effects of mixtures of oestrogenic chemicals has revealed the capacity for similar acting chemicals to act in combination, according to the principles of concentration addition (Brian et al., 2007) . The levels and the combination of the EDCs detected in water samples from the Pretoria West area are therefore cause for concern.
Conclusions
It is predicted that small-size industries are contributing to pollution of the water in the Pretoria West area and, as a consequence, are polluting the waters of the surrounding areas.
Water in this study showed oestrogenic activity and specific individual chemical compounds known to have EDC activity were detected. At present there are no acceptable guideline values for the majority of EDCs tested. A dose-response relationship, particularly for extremely low exposure levels typical of environmental exposures, is difficult to establish (London et al., 2005) . However, even low levels of individual chemicals and combinations of chemicals may pose a potential health risk to humans, animals and aquatic life .
An activated sludge treatment process, which uses ultraviolet (UV) light and chlorine, is used to treat the water at the Daspoort Wastewater Treatment Works (Saayman, 2004) . The process removes microbial agents, suspended particulate matter and some hazardous chemicals, but does not adequately remove pesticides and other EDCs. Only biodegradable chemicals are removed. There are processes that remove EDCs from wastewater, but these are sophisticated and very expensive (Arnot and Zahir, 1996) . The Rietvlei Water Treatment Plant uses activated carbon, which removes certain EDCs and other chemicals (Muller et al., 2004) .
Technologies such as increasing the sludge age of the effluent that passes through the water treatment works exist and are being looked at. Although these may not remove all the EDCs, they may assist in removing the slowly biodegradable organic matter, which most of the present water treatment systems do not do. In addition, the utilisation of membrane bioreactors to treat industrial and other waste, research on which has been done by the University of Bath, could be a breakthrough for South Africa in the near future (Arnot and Zahir, 1996) .
At present, drinking and other water is not tested for these EDCs, except for some organochlorine pesticides (DWAF, 1996) . For this reason, legislation for acceptable levels for these specific chemicals is not available. There is, however, a project underway that will consider updating and expanding the South African water quality guidelines and that may include EDCs, more specifically for water (Jooste, 2005) .
Recommendations
Pollution of the water by under-regulated small-sized industry poses a serious threat to health, both to the workers in the industry and members of the surrounding communities. These hazardous exposures should be reduced, by the encouragement of small industry and government to jointly find safe, alternate means of disposing the waste and reducing exposure to various chemicals and finding enhanced technical processes for the treatment of domestic, agricultural and industrial wastewaters to support the reuse of water.
Pesticide pollution of water has received some attention in South Africa. However, South Africa still lags behind with monitoring data on which to base policy.
Lindane, an organochlorine pesticide, was detected in the water that had already passed through the Daspoort Wastewater Treatment Works. The level is above the acceptable daily intake limit for water (WHO, 2003) and poses a health risk for workers and the surrounding communities and further testing in this area is needed.
Financial and technical constraints, the shortage of skills for pesticide analyses, and the fragmentation of legislation across 14 Acts and 7 different government departments have resulted in weak regulation (London et al., 2005) .
More specific regulations of EDCs are needed, particularly for water quality, where permissible levels of specific chemicals are clearly set.
